Strand breaks accumulated in the DNA of a temperature-sensitive DNA ligase mutant of Escherichiu coli growing at the restrictive temperature, as detected by zone sedimentation through alkaline sucrose density gradients. The rate of strand breakage was increased by concomitant thymine starvation. Rifampicin and chloramphenicol inhibited the accumulation of strand breaks in the DNA. There was a correlation between the accumulation of strand breaks in the DNA and lethality, suggesting that such breaks are the basis for lethality at the restrictive temperature.
Strand breaks accumulated in the DNA of a temperature-sensitive DNA ligase mutant of Escherichiu coli growing at the restrictive temperature, as detected by zone sedimentation through alkaline sucrose density gradients. The rate of strand breakage was increased by concomitant thymine starvation. Rifampicin and chloramphenicol inhibited the accumulation of strand breaks in the DNA. There was a correlation between the accumulation of strand breaks in the DNA and lethality, suggesting that such breaks are the basis for lethality at the restrictive temperature.
I N T R O D U C T I O N
Indirect evidence suggests that bacterial DNA sustains repairable lesions as a consequence of normal metabolic processes. Much of the evidence comes from studies on thymineless death (Barner & Cohen, 1954 , 1957 . It has been argued that the pathological effects of thymine starvation are due to the accumulation of strand breaks in the DNA, produced during normal cell metabolism, which cannot be repaired in the absence of thymine (Hanawalt, 1963; Pauling & Hanawalt, 1965; Nakayama & Hanawalt, 1975) , and, specifically, that transcription may result in strand breaks. Such breaks may be repaired directly by DNA ligase; however, if nuclease activity converts a strand break into a strand gap, DNA synthesis would be required for repair, and DNA synthesis is inhibited in the absence of thymine.
If strand breaks occur in DNA as a consequence of normal metabolic processes, one important function of DNA repair in unirradiated cells may be to restore the continuity of the DNA strands following the production of such breaks. In order to obtain evidence relating to the role of DNA repair in the normal metabolism of bacterial cells, we isolated a temperature-sensitive mutant of E. coli defective in the enzyme DNA ligase (Pauling & Hamm, 1968 , 1969 . This mutant strain has increased sensitivity both to irradiation with ultraviolet light and X-rays, and to thymine starvation, relative to its parent strain (Pauling & Hamm, 1968; Dean & Pauling, 1970) . It accumulates Okazaki fragments of newlyreplicated DNA upon incubation at the restrictive temperature (Pauling & Hamm, I 969) . These results indicate an involvement of DNA ligase both in repair of DNA of irradiated cells and in semi-conservative replication of DNA. The mutant also shows an increased sensitivity to mild heating, and an increased accumulation of strand breaks in DNA following mild heating (Pauling[& Beck, 1975) . If strand breaks are induced in DNA as a consequence of the normal metabolic processes of the cell, incubation of the DNA IP: 54.70.40.11
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ligase-defective strain at the restrictive temperature should result in the accumulation of such breaks. We have examined the DNA from the DNA ligase-defective mutant for strand breaks, by zone sedimentation through alkaline sucrose density gradients, following growth at the restrictive temperature both in the presence and absence of exogenous thymine. We present evidence in this paper that strand breaks do accumulate in the DNA during growth at the restrictive temperature, and that the accumulation of such breaks is inhibited by rifampicin and low levels of chloramphenicol, agents that also spare the cells from the lethality observed upon growth at the restrictive temperature (Pauling & Hamm, 1968) .
METHODS
Organisms and culture conditions. Escherichia coli TAU-bar, a polyauxotrophic derivative of E. coZi 1 5~- (Hanawalt, 1963) , and ts7, a temperature-sensitive DNA ligase-defective derivative of TAU-bar (Pauling & Hamm, 1968) , were cultured aerobically in a glucosesalts minimal medium with appropriate supplements (Deutch & Pauling, I 971). Media transfers were accomplished by centrifugation. Viable counts were determined by plating appropriate dilutions on an enriched medium as described previocsly (Deutch & Pauling, 1970. Labellingprocedrrres. Exponential-phase cultures (10 ml) were grown at 25 "C to a density of I x 1 0 8 cells/ml in minimal medium suppleniented with the required growth factors including 0-5 ,ug thymine/ml and either 200 pCi [n~ethyZ-~H]thymine (New England Nuclear; 10 Ci/mM) or 10 pCi [2-l*CC]thymine (Schwarz-Mann; 56 mCi/mM). The cultures were harvested, washed with unsupplemented minimal medium, and resuspended in an equal volume of fresh medium. Appropriate supplements were added and the cultures incubated under the conditions described.
Detection of single strand breaks in DNA. Samples were removed and the DNA assayed for strand breaks by zone sedimentation through alkaline sucrose density gradients using a (I 966) . After sampling, 3H-labelled ts7 cells and l*C-labelled TAU-bar cells were mixed together, and 0.3 ml of the mixed suspension was added to 0.6 ml of a solution
and 0.005 M-tris(hydroxymethy1)aminomethane (Trizma Base ; Sigma) that had been previously layered on the top of a 36 ml 5 to 20% linear sucrose density gradient containing 0.1 M-NaOH, 0.9 M-NaCl, and 0.001 M-EDTA, pH I 1.5. A period of 20 min was allowed for lysis, then the gradients were centrifuged in an SW-27 rotor in a Beckman L2-65B centrifuge at 27000 rev./min for 2 h at 20 "C. Ten-drop fractions were collected from the bottom of the centrifuge tube and assayed for radioactivity as previously described (Pauling & Hamm, I 968).
RESULTS
Prelabelled DNA was assayed for strand breaks by zone sedimentation. at the restrictive temperature (Pauling & Hamm, 1968) , it is expected that thymine starvation should enhance the accumulation of strand breaks in the DNA upon growth at the restrictive temperature. Figure 2 presents sedimentation profiles for DNA from TAU-bar and ts7 following 0, 40, 80 and 120 rnin incubation in the absence of thymine at 40 "C. The profiles for TAU-bar again provide no indication of an increase in the number of strand breaks during this period; however, the profiles for ts7 indicate that there is a marked increase in the accumulation of strand breaks in the DNA under these conditions. If a normal function of DNA ligase is to repair strand breaks arising from normal metabolic processes, it should be possible to demonstrate the repair of the strand breaks by simultaneously reintroducing thymine and returning the culture to the permissive temperature. Figure 3 indicates the sedimentation prafiles obtained for TAU-bar and ts7 DNA following 120 min thymine starvation at 40 "C, 120 min growth in the presence of thymine at 25 "C, and 1 2 0 min thymine starvation at 40 "C followed by 120 rnin growth at 25 "C in the presence of thymine. Again, the sedimentation profiles for TAU-bar DNA show no significant deviation from that of the o rnin control. The profiles for ts7 DNA are consistent with the expectation that there is substantial repair of breaks during a period of growth at the permissive temperature. We have not observed the repair of strand breaks that accumulate upon growth at the restrictive temperature in the presence of thymine.
The demonstration that strand breaks accumulated in prelabelled DNA under conditions of thymine deprivation at 40 "C leads to speculation concerning the cause of such breaks. It has been suggested that RNA synthesis, and in particular mRNA synthesis, is required for the deleterious effects of thymine starvation to be expressed (Hanawalt, 1963 Hanawalt, 1965 ; Nakayama & Hanawalt, 1975) . Accordingly, thymine starvation in the presence of rifampicin, which inhibits the initiation of RNA synthesis, should result in increased survival. Figure 4 presents survival of TAU-bar and ts7 following growth in the presence and absence of thymine at 40 "C in media without antibiotic, with 200 pg rifampicin (RIF)/ml, and with 3 pg chloramphenicol (CAM)lml. These data indicate that although both TAU-bar and ts7 are sensitive to RIF, in that they both sustain loss of viability upon incubation in medium supplemented with RIF, the addition of RIF spares some of the cells from the lethality of growth at the restrictive temperature both in the presence and absence of thymine. This sparing is manifested in the similarity of the survival curves of both strains upon incubation in medium supplemented with RIF. Incubation of the cells in medium supplemented with 3 ,ug CAM/ml had a surprising effect, This low concentration of CAM had little effect on the survival of TAU-bar upon growth in the presence or absence of thymine over the period tested. Incubation of ts7 at the restrictive temperature in medium supplemented with 3 ,ug CAM/ml resulted in a complete sparing of the lethality associated with growth at the restrictive temperature, and some amelioration of thymineless death. This concentration of CAM had no detectable effect on the rate of incorporation of [3H]uracil and [14C]arginine into acid-precipitable material over a 120 min period. Since RIF ameliorates the lethal effects of thymine starvation, and CAM spares ts7 from death upon growth at the restrictive temperature, we examined sedimentation profiles of prelabelled DNA from TAU-bar and ts7 cells grown at 40 "C in the presence (Fig. 5) and absence (Fig. 6 ) of thymine with and without 200 pg RIF/ml and 3 pg CAM/ml. The data indicate that the accumulation of strand breaks in the DNA is inhibited by these antibiotics. This effect was not due to a restoration of DNA ligase activity by these antibiotics; 
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the accumulation of Okazaki fragments of newly-replicated DNA characteristic of ts7 (Pauling & Hamm, 1969) is not affected by these antibiotics at the concentrations used. Thus we interpret the effect of both 200 pg RIF/ml and 3 pg CAM/ml as inhibiting the introduction of the strand breaks in the DNA, and not as enhancing their repair.
DISCUSSION
We have presented evidence that strand breaks accumulate in chromosomal DNA of the temperature-sensitive DNA ligase-deficient mutant of E. coli, upon growth at the restrictive temperature both in the presence and absence of exogenous thymine. A causal relationship between RNA synthesis and thymineless death has been suggested (Hanawalt, 1963 ; Pauling & Hanawalt, 1965; Nakayama & Hanawalt, 1975) . The number of strand breaks which escape repair in the normal strain is insufficient to be detected by the methods used here. Under conditions of thymine starvation when DNA ligase activity is absent, such strand breaks accrue and are not repaired, resulting in an enhanced sensitivity to thymineless death. The observation that lethality and the accumulation of strand breaks were both inhibited by RIF is consistent with the postulated role of RNA synthesis in thymineless death, and with the suggestion that single strand breaks accompany RNA synthesis.
The inhibition of the accumulation of strand breaks in DNA by CAM both in the presence and absence of thymine, even though RNA and protein synthesis continued, indicates that some function which results in strand breaks is inhibited by 3 pg CAM/ml. However, the observation that 3 pg CAM/ml spared the DNA ligase-deficient cells from death at the restrictive temperature in the presence of thymine, but did not markedly affect survival under thymineless conditions, suggests that different molecular events occur upon growth at 40 "C in the presence of thymine from those that occur in the absence of thymine. This is also suggested by the observation that the strand breaks produced by incubation at 40 "C in the presence of thymine were not repairable, whereas a large proportion of the strand breaks produced by incubation at 40 "C in the absence of thymine were repairable. These results indicate that two types of strand breaks may be produced at the restrictive temperature in the absence of thymine, one of which is repairable and the other not, and that the type that is not repairable is possibly similar to that produced in the presence of thymine. From the data presented in Figs. 5 and 6 it is apparent that CAM inhibits formation of all strand breaks in the presence of thymine, but only partially inhibits formation of strand breaks in the absence of thymine. The differential effects of CAM, therefore, could be the consequence of the types of lesions formed at 40 "C in the presence and absence of thymine, with CAM specifically inhibiting the formation of the non-repairable lesions.
During growth in the presence of thymine at 40 "C the DNA ligase-deficient strain continued to synthesize DNA. However, Okazaki fragments of newly-replicated DNA accumulate (Pauling & Hamm, 1969) . This results in the accumulation of double-stranded DNA containing frequent single-stranded gaps along one strand. Under thymineless conditions, however, DNA synthesis is arrested ; accordingly, Okazaki fragments do not accumulate. We propose that the lethal event for DNA ligase-deficient cells growing at the restrictive temperature in the presence of thymine is a double strand break resulting from an endonucleolytic attack of the intact strand opposite a gap between Okazaki fragments. The endonuclease activity of exonuclease V has precisely the specificity required to convert a single strand gap to a double strand break (Goldmark & Linn, 1972; Karu et al., 1973) . This hypothesis leads to the prediction that the endonuclease activity of exonuclease V is sensitive to 3 pg CAM/ml.
